Introduction
============

Parkinson's disease (PD) is a kind of neurodegenerative disease, which is characterized by loss of dopaminergic neurons in the substantia nigra.[@b1-ndt-11-1331] Levodopa ([l]{.smallcaps}-dopa) remains the best drug in the treatment of PD.[@b2-ndt-11-1331] However, long-term [l]{.smallcaps}-dopa treatment caused many complications, one of which is dyskinesia.[@b3-ndt-11-1331]--[@b5-ndt-11-1331] Until now, the pathogenesis of [l]{.smallcaps}-dopa-induced dyskinesia (LID) is not fully understood. Numerous studies indicated that pulsatile dopamine (DA) stimulation plays an important role in LID,[@b6-ndt-11-1331]--[@b8-ndt-11-1331] which changed the plasticity of striatal neurons.[@b9-ndt-11-1331] Unregulated DA release from DA and non-DA neurons causes upregulation and abnormal trafficking of D1 receptors in striatal neurons along with abnormal downstream signaling responses.[@b10-ndt-11-1331] In addition to striatum, substantia nigra also plays an important role in the expression of LID.[@b11-ndt-11-1331] It is reported that elevated extracellular DA levels were observed in the substantia nigra of [l]{.smallcaps}-dopa-primed PD rats.[@b11-ndt-11-1331] Pulsatile DA stimulation not only changes the firing pattern of neurons but also changes the related neurochemical alternations.[@b12-ndt-11-1331] It is demonstrated that increased levels of nigral γ-aminobutyric-acid (GABA) were observed in LID rats,[@b12-ndt-11-1331] which reflects a hyperactivity in the direct striatonigral pathway. This hyperactivity plays a crucial role in LID. In addition to GABA, glutamate (Glu) also has a close relationship with LID.[@b13-ndt-11-1331]--[@b15-ndt-11-1331] Indeed, upon DA depletion and subsequent [l]{.smallcaps}-dopa or D1R agonist treatment, augmentation of striatal Glu levels and increased expression of striatal Glu receptors have been postulated to result in dyskinetic behaviors.

It is demonstrated that histamine system is involved in the expression of LID.[@b16-ndt-11-1331] A recent study has showed that famotidine could reduce LID in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-lesioned macaque model of PD.[@b17-ndt-11-1331] We also have reported that ranitidine could reduce LID by downregulating protein kinase A (PKA) pathway in a rat model of PD.[@b16-ndt-11-1331] However, whether ranitidine could reduce LID by remodeling the neurochemical changes is still unknown. Thus, this study was performed to verify this hypothesis.

Methods
=======

Experimental design
-------------------

As shown in [Figure 1](#f1-ndt-11-1331){ref-type="fig"}, PD rats were induced by 6-hydroxydopamine (6-OHDA) lesions. Three weeks later, apomorphine-induced rotations were used to select valid PD rats. Then valid PD rats were randomly divided into three groups (n=8 in each group) and received vehicle, [l]{.smallcaps}-dopa (6 mg/kg, plus benserazide 12 mg/kg, intraperitoneal \[ip\]) or [l]{.smallcaps}-dopa (6 mg/kg, plus benserazide 12 mg/kg, ip) plus ranitidine (10 mg/kg, oral) for 21 days. The dose of ranitidine was chosen according to our previous report.[@b16-ndt-11-1331] Ranitidine was given to rats 5 minutes before [l]{.smallcaps}-dopa treatment. As control, another group of sham-operated rats (n=8) received vehicle treatment. On test days, rotarod test (days 10 and 20 of [l]{.smallcaps}-dopa/benserazide treatment) and abnormal in voluntary movements (AIMs) (days 0, 5, 9, 12, 17, 19, and 21 of [l]{.smallcaps}-dopa/benserazide treatment) were measured by an observer who was blind to the experiment. On day 20 of [l]{.smallcaps}-dopa treatment, probes were implanted in the DA-lesioned SNr and ipsilateral striatum of dyskinetic rats. Microdialysis was performed on day 21 of [l]{.smallcaps}-dopa treatment and lasted for 3 days. All rats were sacrificed at the end of experiment on day 23 of [l]{.smallcaps}-dopa treatment. Striatal PKA levels were determined by enzyme-linked immunosorbent assay (ELISA). Striatal Glu and nigral GABA levels were measured by high-performance liquid chromatography analysis.

Animals
-------

Fifty-six adult rats (Sprague-Dawley, males, 180--220 g) were used in this study. All protocols involving the animals were approved by the Institutional Review Board of the Affiliated Hospital of Xuzhou medical college and were performed according to the guidelines of the National Institutes of Health for the care and use of laboratory animals (NIH publication No 80-23). All experimental procedures were conducted in conformity with institutional guidelines for the care and use of laboratory animals in Xuzhou Medical College, Xuzhou, China, and conformed to the National Institutes of Health for the care and use of laboratory animals (NIH publication No 80-23).

6-OHDA lesions
--------------

All animals received injections of a total of 8 μg of 6-OHDA (dissolved in 4 μL of 0.9% physiological saline containing 0.02% ascorbic acid; Sigma-Aldrich Co., St Louis, MO, USA). The coordinates were calculated using the rat brain atlas[@b18-ndt-11-1331] as follows: anterior--posterior (AP): −4.4 mm, medial--lateral (ML): −1.2 mm, and dorsal--ventral (DV): −7.8 mm. The tooth bar was set to −2.4 mm. Three weeks after injections, the rats that exhibited a stable apomorphine-induced rotational asymmetry of at least seven full turns per minute away from the lesioned side were selected for the next experiment.

Behavioral test
---------------

Rotarod tests were performed after 2 hours of [l]{.smallcaps}-dopa treatment; the speed of rotating cylinder was stepwise increased from 3 rpm to 30 rpm until animals fell off the rod as previously described.[@b19-ndt-11-1331] When the animal falls off the rotating drum, individual sensors at the bottom of each separate compartment automatically record the amount of time spent on the cylinder.

Rats were monitored for AIMs using a procedure as we have reported previously.[@b20-ndt-11-1331] On test days, rats were individually placed in plastic trays 5 minutes before the drug treatments. Following injections, each rat was assessed for exhibition of axial, limb, orolingual, and locomotor movements. At 20-minute intervals (ie, 20 minutes, 40 minutes, 60 minutes, 80 minutes, etc), AIMs were rated for 60 seconds for each rat for a total of 120 minutes, during which a severity score of 0--4 was assigned for each AIM's category. For each AIM's category, the scores were summed for each time point.

Striatal PKA analysis
---------------------

Striatal supernatants of rats were measured for PKA concentrations by a sandwich ELISA procedure according to the manufacturer's instructions (Kexin, Shanghai, People's Republic of China). Optical density was determined by a enzyme standard instrument (WD-2102A; Liuyi, Beijing, People's Republic of China).

In vivo microdialysis
---------------------

Two microdialysis probes were implanted in the DA-lesioned SNr (AP −5.3, ML −2.2, VD −8.6) and ipsilateral striatum (AP +0.6, ML −3.5, DV −6.0) of dyskinetic rats as previously described.[@b11-ndt-11-1331] The microdialysis probes in the substantia nigra and striatum were implanted in the same rat. Forty-eight hours after surgery, probes were perfused with a modified Ringer solution (CaCl~2~ 1.2 mM, KCl 2.7 mM, NaCl 148 mM, MgCl~2~ 0.85 mM) at a 3 μL/min flow rate. Microdialyzate samples were collected every 15 minutes. Three baseline samples were collected before drug treatment.

Endogenous Glu and GABA analysis
--------------------------------

Striatal Glu and nigral GABA levels were measured by a high-performance liquid chromatography/fluorimetric detection system as described previously.[@b14-ndt-11-1331] Thirty microliters of o-phthaldialdehyde/mercaptoethanol reagent was added to 30 μL aliquots of sample. Then 50 μL of the mixture was separated in a 5-C18 ChromSep analytical column (Chrompack, Middelburg, the Netherlands). The flow rate of the mobile phase perfused at 0.48 mL/min (0.1 M sodium acetate, 10% methanol, and 2.2% tetrahydrofuran, pH 6.5).

Statistical analysis
--------------------

The data are expressed as the mean ± standard error of the mean. Behavioral data were analyzed by one-way repeated-measures analysis of variance (ANOVA) followed by the Newman--Keuls post hoc test (AIMs) and one-way ANOVA followed by the Neuman--Keuls post hoc test (rotarod performances). Others were analyzed by one-way ANOVA followed by the Newman--Keuls post hoc test. Statistical significance was set at *P*\<0.05.

Results
=======

Ranitidine pretreatment did not alter [l]{.smallcaps}-dopa efficacy in PD rats
------------------------------------------------------------------------------

The rotarod test was used to measure the effect of ranitidine treatment on [l]{.smallcaps}-dopa efficacy. As shown in [Figure 2A](#f2-ndt-11-1331){ref-type="fig"}, the results showed that ranitidine pretreatment did not change the benefit of [l]{.smallcaps}-dopa treatment in PD rats.

Ranitidine pretreatment reduced LID in [l]{.smallcaps}-dopa-primed PD rats
--------------------------------------------------------------------------

As shown in [Figure 2B](#f2-ndt-11-1331){ref-type="fig"}, AIM scores were increased after repeated [l]{.smallcaps}-dopa administration, which suggested PD rats developed full dyskinesia. However, ranitidine pretreatment prevented the emergence of LID as evidenced by decreased AIM scores.

Ranitidine reduced PKA levels in dyskinetic rats
------------------------------------------------

As shown in [Figure 3](#f3-ndt-11-1331){ref-type="fig"}, after 6-OHDA lesions, PKA levels were significantly increased in rats; the following [l]{.smallcaps}-dopa treatment induced further increase of PKA in PD rats. However, ranitidine treatment suppressed the increase of PKA in [l]{.smallcaps}-dopa-primed PD rats.

Ranitidine pretreatment reduced nigral GABA levels in dyskinetic rats
---------------------------------------------------------------------

Microdialysis was used to investigate whether the antidyskinetic action of ranitidine was accompanied by changes in the nigral output. We found that long-term [l]{.smallcaps}-dopa treatment induced increased nigral GABA levels in PD rats ([Figure 4A](#f4-ndt-11-1331){ref-type="fig"}), which is in line with previous studies.[@b12-ndt-11-1331] Conversely, ranitidine treatment prevented this increase while ameliorating LID in [l]{.smallcaps}-dopa-primed PD rats.

Ranitidine pretreatment prevented the reduction of striatal Glu in dyskinetic rats
----------------------------------------------------------------------------------

The extracellular Glu levels were measured in sham-operated rats and 6-OHDA-lesioned rats treated with vehicle, [l]{.smallcaps}-dopa or [l]{.smallcaps}-dopa plus ranitidine. As shown in [Figure 4B](#f4-ndt-11-1331){ref-type="fig"}, there was an obvious efflux of Glu in [l]{.smallcaps}-dopa-primed 6-OHDA rats. Conversely, ranitidine pretreatment depressed the surge of Glu in PD rats.

Discussion
==========

LID is one of main complications during PD treatment. A previous study showed that famotidine, a kind of histamine 2 receptor antagonist, could reduce LID in patients with PD. In the present study, we found that ranitidine could reduce LID without affecting antiparkinsonian effect of [l]{.smallcaps}-dopa, which is in line with our previous study.[@b16-ndt-11-1331] In parallel with behavioral reversal, ranitidine treatment reduced PKA activity and remodeled neurochemical change caused by long-term [l]{.smallcaps}-dopa treatment as evidenced by reducing the rise of nigral GABA and striatal Glu.

The precise mechanisms of LID are not fully understood. Previous studies showed that PKA pathway plays an important role in the expression of LID.[@b9-ndt-11-1331],[@b11-ndt-11-1331],[@b20-ndt-11-1331],[@b21-ndt-11-1331] Inhibiting PKA pathway was helpful in improving LID in PD rats. Besides, it is reported that histamine via H~2~ receptors indirectly increases the firing frequency of projection neurons in the substantia nigra pars reticulate so as to the overactive basal ganglia output in PD.[@b22-ndt-11-1331] Therefore, H~2~ antagonists could potentially act synergistically with [l]{.smallcaps}-dopa to reduce overactivity of the substantia nigra pars reticulata.[@b23-ndt-11-1331] Previous studies have also indicated that H~2~ antagonists have the ability to modulate striatal release of acetylcholine. In addition, histamine H~2~ receptor stimulation decreases acetylcholine in the striatum and then reduces DA D1-mediated activation, leading to increased activity in the direct striatal output pathway. These data showed that histamine H~2~ receptor may be involved in emergency of LID. Numerous studies have shown that long-term [l]{.smallcaps}-dopa treatment induced LID in animal models of PD.[@b24-ndt-11-1331],[@b25-ndt-11-1331] In the present study, we found that PD rats developed full development of LID as evidenced by increased AIM scores. But ranitidine pretreatment reduced AIM scores in [l]{.smallcaps}-dopa-primed PD rats. Rotarod test was often used to measure the efficacy of [l]{.smallcaps}-dopa treatment in PD rats. In the present study, we found that [l]{.smallcaps}-dopa treatment improved rotarod performance in PD rats, which suggested that ranitidine pretreatment did not affect the benefit of [l]{.smallcaps}-dopa treatment.

Recent studies showed that striatal Glu was involved in the development of LID.[@b26-ndt-11-1331] Glu itself could not induce LID, but it may serve to modulate dyskinetic behaviors as suggested by a study reporting that direct intrastriatal administrations of Glu antagonists reduced LID.[@b27-ndt-11-1331] In the present study, we found that 6-OHDA lesions induced a surge of striatal Glu in PD rats primed with [l]{.smallcaps}-dopa, which was in line with a previous study.[@b13-ndt-11-1331] Interestingly, ranitidine pretreatment prevented the efflux of striatal Glu while attenuating LID in [l]{.smallcaps}-dopa-primed PD rats.

In addition to Glu, GABA is also proved to be involved in the expression of LID.[@b14-ndt-11-1331],[@b27-ndt-11-1331] It is reported that peak-dose dyskinesia involves activation of the striatonigral GABA pathway, and increase of GABA release in SNr was observed after [l]{.smallcaps}-dopa challenge.[@b12-ndt-11-1331] Ranitidine could reduce [l]{.smallcaps}-dopa-mediated Glu efflux, suggesting that ranitidine may act presynaptically on glutamatergic corticostriatal neurons. But whether ranitidine could affect postsynaptic mechanism such as GABA release to substantia nigra is not known. In the present study, we found that nigral GABA levels were increased after [l]{.smallcaps}-dopa priming in PD rats. However, ranitidine pretreatment reduced LID while suppressing the surge of nigral GABA. These data indicated that ranitidine could reduce LID via affecting presynaptic and postsynaptic mechanisms. Moreover, we assumed that inhibition of PKA activity was helpful in reducing Glu and GABA.

Taken together, in this study, we found that ranitidine reduced LID without affecting the antiparkinsonian effect of [l]{.smallcaps}-dopa. Ranitidine pretreatment reduced PKA activity and reversed neurochemical changes caused by long-term [l]{.smallcaps}-dopa treatment in PD rats, suggesting a novel mechanism of ranitidine in the treatment of LID.
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![The protocol of the experiment.\
**Notes:** PD rats were induced by 6-OHDA lesions. Three weeks later, apomorphine-induced rotations were used to select valid PD rats. Then PD rats were randomly divided into three groups and received vehicle, [l]{.smallcaps}-dopa (6 mg/kg, plus benserazide 12 mg/kg, ip) or [l]{.smallcaps}-dopa (6 mg/kg, plus benserazide 12 mg/kg, ip) plus ranitidine (10 mg/kg, oral) for 21 days. AIMs (on days 0, 5, 0, 5, 9, 12, 17, 19, and 21) and rotarod test (on days 10 and 20) were measured during [l]{.smallcaps}-dopa treatment. On day 20 of [l]{.smallcaps}-dopa treatment, probes were implanted in the DA-lesioned SNr and ipsilateral striatum of dyskinetic rats. Microdialysis was performed on day 21 of [l]{.smallcaps}-dopa treatment and lasted for 3 days.\
**Abbreviations:** PD, Parkinson's disease; 6-OHDA, 6-hydroxydopamine; [l]{.smallcaps}-dopa, levodopa; AIMs, abnormal voluntary movements; DA, dopamine; min, minutes.](ndt-11-1331Fig1){#f1-ndt-11-1331}

![Ranitidine pretreatment improved rotarod performances and reduced LID in PD rats.\
**Notes:** (**A**) Rotarod performances were evaluated on days 10 and 20 after pharmacological treatments in rats. Data are presented as mean ± SEM, *F*(3, 28)=5.78, \**P*\<0.01, vs vehicle, *F*(3, 28)=6.12, ^\#^*P*\<0.01, vs [l]{.smallcaps}-dopa + vehicle. (**B**) AIM scores were measured in 6-OHDA-lesioned rats treated with vehicle, [l]{.smallcaps}-dopa, or [l]{.smallcaps}-dopa plus ranitidine treatment. Data are presented as mean ± SEM, n=8 in each group. The data were analyzed by one-way repeated-measures ANOVA followed by the Newman--Keuls post hoc test (AIMs) and one-way ANOVA followed by the Neuman--Keuls post hoc test (rotarod performances). \**P*\<0.05 vs vehicle. ^\#^*P*\<0.05 vs [l]{.smallcaps}-dopa + vehicle.\
**Abbreviations:** PD, Parkinson's disease; LID, [l]{.smallcaps}-dopa-induced dyskinesia; AIM, abnormal voluntary movement; 6-OHDA, 6-hydroxydopamine; ANOVA, analysis of variance; [l]{.smallcaps}-dopa, levodopa; SEM, standard error of the mean.](ndt-11-1331Fig2){#f2-ndt-11-1331}

![Ranitidine reduced PKA activity and reversed neurochemical response in [l]{.smallcaps}-dopa-primed PD rats.\
**Notes:** Data are presented as mean ± SEM, n=6 in each group. The data were analyzed by one-way ANOVA followed by the Newman--Keuls post hoc test. \**P*\<0.01 vs sham. ^\#^*P*\<0.01 vs vehicle. \*\**P*\<0.01 vs LID.\
**Abbreviations:** PD, Parkinson's disease; PKA, protein kinase A; ANOVA, analysis of variance; LID, [l]{.smallcaps}-dopa-induced dyskinesia; [l]{.smallcaps}-dopa, levodopa; SEM, standard error of the mean.](ndt-11-1331Fig3){#f3-ndt-11-1331}

![The effect of ranitidine treatment on nigral GABA and striatal Glu.\
**Notes:** Reverse dialysis was performed in the lesioned substantia nigra pars reticulata (**A**) and lesioned striatum (**B**) of unilateral 6-OHDA-lesioned dyskinetic rats treated with vehicle, [l]{.smallcaps}-dopa (6 mg/kg, plus benserazide 12 mg/kg) or [l]{.smallcaps}-dopa plus ranitidine (10 mg/kg). Data are presented as mean ± SEM, n=6 in each group. The data were analyzed by one-way ANOVA followed by the Newman--Keuls post hoc test. \**P*\<0.05, ^\#^*P*\<0.01 vs vehicle. ^\$^*P*\<0.01 vs LID. \*\**P*\<0.05 vs LID.\
**Abbreviations:** GABA, γ-aminobutyric-acid; Glu, glutamate; 6-OHDA, 6-hydroxydopamine; [l]{.smallcaps}-dopa, levodopa; LID, [l]{.smallcaps}-dopa-induced dyskinesia; ANOVA, analysis of variance; min, minutes; SEM, standard error of the mean.](ndt-11-1331Fig4){#f4-ndt-11-1331}
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